Objective: To compare the effects of unilateral and bilateral training on upper limb function after stroke with regard to two key factors: severity of upper limb paresis and time of intervention post-stroke.
Introduction
Stroke is a leading cause of long-term disability. The World Health Organization per year. 1, 107 Although prospective epidemiological studies are lacking, it is onset regain some UL function using conventional rehabilitation programs. 108 The surplus value of most of these conventional therapies beyond spontaneous recovery early after stroke is unclear. 109 46 Unilateral versus bilateral upper limb exercise therapy after stroke: a systematic review | UL rehabilitation have provided therapists with a broad choice of treatment types for the paretic UL (see also 5 are therapies that prevent the use of the non-paretic UL, such as constraint-induced 7 On the other hand, there are therapies that dictate utilization of the non-paretic UL to enhance motor function in the paretic limb, such 8 Therefore, the main goal of the present review was to compare the effects of unilateral and bilateral training on UL function.
Use, training is restricted to the most affected arm. The theoretical framework the affected limb. 29 This learning phenomenon refers to a conditioned suppression of movement. From this conditioning point of view it should be possible to reverse the phenomenon or even to prevent it from happening. Positive results in this regard motivated the introduction of this particular conceptual framework and associated techniques in stroke rehabilitation in humans. 13, 29 of the signature protocol 13, 14, 29 of training, as well as less time during which the non-paretic UL is restrained. In a number of reviews, systematic searches and meta-analyses were performed. 5,110-113 others [114] [115] [116] Bilateral UL training after stroke is based on the premise that movement of the non-paretic UL may support movement of the paretic UL when performed simultaneously. This type of therapy has a relatively short history and arose partly serendipitously 16, 17 and partly from insights gleaned from the motor two ULs have been investigated extensively in rhythmic interlimb-coordination studies involving healthy subjects. [18] [19] [20] [21] 66 In 5 systematic reviews on bilateral UL training meta-analyses determining the effect of bilateral UL training were performed. 5, [67] [68] [69] [70] Two of these systematic reviews found strong evidence in support of bilateral UL training after stroke. 67, 68 However, in these meta-analyses, outcomes from the 3 levels of the WHO International 11 performance were pooled, thereby assuming that they refer to the same underlying construct. 117, 118 In addition, the included studies compared bilateral arm training conclusions. For example, without comparison with a control treatment, it is impossible to tell whether improvements after bilateral training were indeed induced by the bilateral aspect of the training. 25 Another review, that also included its conclusions than the previous two. 69 The remaining two systematic reviews treatments. 5, 70 concepts with, ultimately, the same goal, i.e., improvement in UL function after between unilateral and bilateral UL training: in both types of training patients must use their most affected arm, both induce plastic changes in the central 9, 25, [119] [120] [121] [122] [123] [124] [125] [126] kinematic measures of motor control. 16, [127] [128] [129] As the effects of a therapy depend on patient characteristics, it is conceivable that differential effects between unilateral and bilateral training vary as a function of such characteristics. In this review two key factors are therefore considered.
functioning have a higher probability of regaining UL function. 35, 36 The success of the involved UL, 28,29 which are only met in relatively mildly impaired stroke survivors. 40 In later studies these criteria have been adjusted to examine the 7, 130 UL was required. Hence, the presence of residual distal UL function in terms of [131] [132] [133] Essential for motor control of the distal part of the UL is the integrity 30, 31, 33, 34 which is a strong predictor of functional outcome post-stroke. 32 40 suggested that patients in the chronic 41 et al. 32 will partly or fully recover when the most affected UL is used intensely in training, the contralesional hemisphere using bilateral training is expected to be more appropriate, although the functional gains are expected to be small.
Thus far, the differential effects of bilateral training and unilateral training in relation to UL impairment have not been systematically reviewed, even though both have been applied to patients with different levels of severity. Therefore, the UL paresis before the intervention.
The second focus of the present review is on the training effects related to the chronic phase post-stroke. 13, 134 earlier post-stroke has grown. [135] [136] [137] Bilateral UL training has, from its recent emergence in stroke rehabilitation literature, been applied to patients in both acute and chronic phases post-stroke. 8, 16, 17, 138 Nevertheless, what the differential effects of unilateral and bilateral training are in relation to the time of intervention poststroke remains unclear.
Thus, although reviews for both unilateral and bilateral arm training are available, no systematic review of studies directly comparing both types of training has been published to date. 
Severity
Time of intervention post-stroke acute, those starting between 1 and 6 months post-stroke as subacute, and those starting more than 6 months post-stroke as chronic.
Therapy
The included studies had to investigate both unilateral and bilateral UL training treatment involving the hemiparetic UL to the exclusion of the contralateral UL we only included studies in which active exercise of the UL was the single focus. Hence, we excluded trials that investigated unilateral or bilateral training using robot assistance, electrical augmentation (i.e., electromyography biofeedback and as a robot-assisted treatment. 140 who actively executes the movements on an imposed rhythm using a device that any intensity and duration. In case it was unclear whether intervention alternatives were a type of unilateral or bilateral training (e.g. in cases in which we were 1 2 3 4 5 6 7 8 R 51 3 participants had been randomly assigned to one of the alternative treatments.
Study identification
searches. The following electronic databases were systematically searched through formulated in PubMed and adapted to the other databases. The following MeSH headings and key words were used: 1 2 3 4 randomized controlled trial, controlled clinical trial, randomized,
The articles had to be written in English.
Bibliographies of review articles, empirical articles, and Abstracts published in proceedings of conferences were also examined. In further iterations, references from retrieved articles were examined to identify additional relevant trials that met the inclusion criteria. The full search strategy is available on request.
after which the full-text articles were screened and compared against our inclusion and exclusion criteria. In case of disagreement of the selection, an independent not arise.
Methodological quality
141,142 The reviewers were not blinded to authors, to external validity and the other 10 items assess the internal validity of a clinical the score accumulated, the better the quality of the study. 
Quantitative analysis
The extracted data (numbers of patients in the unilateral and bilateral treatment when outcome variables were reported on different scales but nonetheless measured the same underlying construct. The differences in pre-to post-intervention means 2 2 test tends to underestimate heterogeneity in meta-analyses, I 2 was calculated as well to provide an estimate of the percentage of variability due to heterogeneity rather than chance alone. 143 In addition, I 2 does not depend on the number of studies. The threshold for I 2 was set at 50%: I 2 2 heterogeneity, requiring a random effects model. Because for all the dependent variables I 2 were applied. 143 For all outcome variables, the critical value for rejecting H0 was two-tailed and set at a level of 0.05. The software package Review Manager 5 was used to calculate the MDs or SMDs and to visualize the results by using forest plots.
Since the focus of the present review is on the differential effects of unilateral and bilateral UL training related to the two key factors (viz. severity of UL paresis at in which MDs and SMDs are reported separately for the severity of paresis (i.e., Studies that used cross-over designs were considered as randomized clinical trials up until the point of cross-over, whereas studies with 3 arms (e.g. two experimental in the experimental groups, ensuring that each patient was counted once in the meta-analyses. 
Results

Study identification
The search strategy yielded 990 citations. Duplicate articles were excluded, leaving selection process of the articles is presented in Figure 3 .1. First, based on title and Abstract, 414 studies were excluded. Reasons for exclusion were that studies had been conducted in a different patient population, that studies used more than plain
Of the remaining 15 full-text articles, 6 were excluded because the studies were sub-9,144-146 some subjects participated twice in a similar study, 147 148 Screening of references did not yield any further studies.
A total of 9 studies were included in this systematic review, 25,60,124,127,138,149- were encouraged to also wear the restraining mitt or splint on their less affected arm and train the most affected arm in functional tasks out of therapy-hours. The main characteristics of the included studies are shown in the unilateral group and 2 patients in the bilateral group were considered as having group and 3 patients in the bilateral group were considered as having moderate UL and 1 patient in the bilateral group were considered as having severe UL paresis
Time of intervention
All studies recruited patients in the chronic phase post-stroke except one, 138 in which patients in the acute phase post-stroke were recruited. None of the studies recruited patients in the subacute phase post-stroke. The numbers of patients starting the intervention in the acute phase post-stroke with a severe, moderate and mild UL paresis were 35, 39 and 23, respectively. The numbers of patients starting the intervention in the chronic phase post-stroke with a severe, moderate and mild UL paresis were 2, 126 and 226, respectively. Demographics of included participants are shown in 
3
Methodological quality Table 3 .3 shows the methodological quality scores of the included studies, according to the PEDro scale. The PEDro scores ranged from 5 to 8 points, with a mean score review authors. All studies scored more than 4 points on the PEDro scale. Table 3 .3 Methodological quality of the included trials, as assessed using the PEDro scale.
Quantitative analysis
of the FMA and MSS were pooled, since both tests measure the same underlying construct. 154 The same applies to the ARAT and the WMFT. 155 Although results for the MAS were also available, they were not pooled with the ARAT and WMFT results, 
Action Research Arm Test and Functional Ability Scale of the Wolf Motor Function Test
Three studies assessed UL activity performance using the ARAT, 138, 151, 152 and 3 studies used the WMFT. 25, 60, 127 Five studies recruited patients in the chronic phase post-stroke 25, 60, 127, 151, 152 and one in the acute phase post-stroke. 138 
Motor Assessment Scale
Two studies assessed UL activity performance using the MAS. 124, 150 Both studies recruited patients in the chronic phase post-stroke. Since the samples of patients with severe, moderate, and mild UL paresis were too small, no subgroup MDs were estimable for the study by Summers et al. 124 Figure 3 .4 shows that pooling the Amount Of Use and Quality Of Movement of the Motor Activity Log Three studies assessed the MAL. 127, 149, 152 These studies recruited patients with a intervention in the chronic phase post-stroke a marginally positive effect was found on UL activity performance (as assessed with the ARAT and WMFT, but not the However, the obtained effects were small (e.g. 5.4 points when transformed back threshold judged as clinically meaningful. 42, 152, [157] [158] [159] Nevertheless, the results of the present review suggest that intervention success depends on severity of upper limb paresis and time of intervention post-stroke. The studies contributing most to the favorable effects of unilateral training used 127, 149, 151, 152 It is still unclear which was difference in functional recovery in chronic patients with a mild UL paresis. 116, 160, 161 the fact that patients were trained unilaterally and were encouraged to continue training unilaterally for several hours in addition to therapy sessions, by wearing a restraint. In all probability the latter has led to more practice with the most affected 112 confounded the results and may be a far more important determinant of treatment success than the method of training used. In addition, the bilateral interventions not 60,151,152 out of 5 studies. Two 151,152 of these 3 were based on obsolete NDT principles. 162 Hence, the suggested hypothesis, that unilateral training is best suited for stroke survivors with mild-to-moderate review; however, with apt reticence.
The present systematic review had some limitations. First, the inclusion criteria in combination with the relatively short history of bilateral training protocols resulted in a small number of included studies, preventing a thorough sensitivity analysis other characteristics besides the severity of UL paresis at baseline and the timing of intervention post-stroke, such as sensory disorders, cognitive impairments, and visual impairments. All included studies recruited patients with no severe cognitive 150 Some studies excluded patients with neglect and sensory disorders, 138, 150, 151 while in another study these conditions were of particular interest and proved to be relevant for the effect of treatment. 152 Secondly, heterogeneity of training types of the included studies may have interfered with the interpretation of the results. Next to the obvious differences between unilateral and bilateral training, there were also discrepancies between unilateral training types and between bilateral training types. In some studies this resulted in situations where patients in one group had more possibilities to train tasks involving distal control, whereas the other group did not have these possibilities. For example, in the study by Whitall et al., 25 the unilateral group had the possibility to also train distal control. As stated previously, distal control is essential for functional improvement. Furthermore, we submitted or accepted for publication. Because of the small number of studies and the large variety in types of unilateral and bilateral training, caution is required in interpreting these results.
(i.e., with equal intensity or number of repetitions applied in the control group are equal possibilities to practice distal control. Since both unilateral and bilateral training improve UL function, it is even more important to know exactly what it is that patients learn from unilateral and bilateral training and how these processes work. More insight into learning processes, coordination, and degrees of restitution and compensation will make it easier to tailor the therapy to the individual goals of a patient. This means that measuring changes in outcomes of impairment, activity kinematics, timing, and neural reorganization also have to be incorporated.
